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Formation of a Primitive Nervous System: 
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Nerve cell differentiation in the polyp Hydra is strikingly patterned: head and basal disk contain high densities of nerve cells. 
The pattern is formed by migration of interstitial cell precursors from the gastric region to sites of nerve cell differentiation in 
the head and basal disk. Migration occurs early in the final cell cycle of precursors and appears to be coincident with commit-
ment to nerve cell differentiation. Following migration, each precursor divides and gives rise to a pair of nerve cells. Treat-
ment of whole hydra with a neuropeptide stimulates formation of nerve cell precursors; differentiation of these precursors is 
regulated by a second signal, which is provided in vivo by budding or in vitro by injuring tissue. 
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Coelenterates are the phy logenetically simplest organ-
isms with a clearly defined nervous system.1 It has the 
form of a nerve net spread throughout the entire organ-
ism and has been best investigated in various hydro-
zoan polyps, primarily Hydra and Hydractinia. 
The nerve net is formed from two morphologically 
distinct types of cells: ganglion and sensory (for re-
view, see Bode et al2). These morphological classes in-
clude a large and expanding number of subclasses 
characterized by the presence of different neuropep-
tides or specific antigens recognized by specific mono-
clonal antibodies. The net is not a random mix of these 
cells but is clearly highly organized with specific 
classes of neurons in specific locations where they 
presumably fulfill specific functions. 
The function of specific nerve cells and the nerve net 
as a whole is largely unknown in hydrozoans. It is clear, 
however, that various aspects of hydrozoan behavior, 
such as feeding, require an intact nervous system. Dele-
tion of nerve cells by chemical treatment or mutation 
leads to so-called epithelial hydra, which exhibit no 
feeding behavior and are essentially motionless (for re-
view, see Campbell3). Interestingly, they are also unable 
to attach to substrates and to open their mouths. 
The most unusual feature of the polyp nerve net is its 
dynamic nature (for review, see Bode4). This is a conse-
quence of the continuous growth of polyp tissue: the 
body column expands due to mitotic activity of epithe-
lial cells while tentacle tissue at the distal end and the 
basal disk at the proximal end are continuously renewed 
from epithelial cells of the body column. Since the dis-
tribution of nerve cells remains constant in polyps—in 
particular the high density of nerve cells in tentacles and 
basal disk—new nerve cell differentiation must occur 
continuously to maintain the status quo. Moreover, 
nerve cells displaced from one position to another as a 
result of growth must adapt their phenotype to the ap-
propriate position (transdifferentiation). 
What are the precursors to these differentiation 
events and what are the signals that generate the local-
ized differentiation of nerve cells at the appropriate 
sites in tissue? 
Although early work had tended to favor the idea of 
local commitment of nerve cell precursors (NVP) at 
the site of differentiation,5""7 more recent work is pro-
viding support for an alternative idea: commitment of 
precursors dispersed throughout the body column fol-
lowed by migration to the site of final differenti-
ation.8"11 The present review pulls together the 
existing evidence on nerve cell differentiation in hydra 
and attempts to provide a unified picture of the NVP 
and its behavior. 
NERVE CELL DIFFERENTIATION AND THE NERVE 
CELL PRECURSOR 
Figure 1 outlines schematically the differentiation 
pathway of nerve cells in hydra. Nerve cells are 
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FIGURE 1 Schematic representation of the nerve cell differentiation pathway in Hydra. Nerve cell precursor (Nvp) properties are discussed in the text. 
The final cell cycle is about 18 hours in regenerating Hydra and 24 hours in intact Hydra; postmitotic differentiation requires about 6 hours. 
derived from interstitial stem cells that are distributed 
uniformly throughout the body column.1 2*1 3 At the 
other end of the pathway, the immediate precursor to 
nerve cells undergoes a final cell cycle and both daugh­
ter cells differentiate to nerve cells. Although the two 
ends of the pathway, stem cells and nerve cells, are well 
defined, the nature of the cell in the middle, the NVP, 
has been more difficult to define.14*15 Recent experi­
ments, to be reviewed later, are now helping to clarify 
the picture. 
A series of cell cloning experiments has demon­
strated that the interstitial cell population contains 
multipotent stem cells that are capable of giving rise to 
all differentiation products of the interstitial cell line­
age, including nerve cells, nematocytes, gland cells, 
and gametes.12*16*17 These stem cells constitute a large 
fraction of the interstitial cell population. Moreover, 
the cloning experiments provided no evidence for 
committed intermediates with extensive proliferation 
capacity, since no clones were observed with mono­
specific differentiation potential. In particular, no 
clones were observed that only gave rise to nerve cell 
differentiation. Hence, nerve cell differentiation in hy­
dra appears to occur relatively directly from the stem 
cell pool (Fig. 1). 
To identify the immediate precursors of newly dif­
ferentiated nerve cells, several laboratories have in­
vestigated nerve cell differentiation during head 
regeneration.6*7*18*19 Since head tissue normally con­
tains a high level of nerve cells, this regeneration pro­
cess includes formation of large numbers of new nerve 
cells. Labeling with [3H]thymidine has shown that the 
precursors to these new nerve cells are in S phase at the 
onset of head regeneration. They complete the cell 
cycle and differentiate as nerve cells beginning 12 
hours after head removal (Fig. 1). Based on these ob­
servations, it has seemed likely that the signals stimu­
lating nerve cell differentiation cause commitment of 
precursors in S phase. Similar results have also been 
obtained using feeding as a stimulus for nerve cell dif­
ferentiation: precursor cells in S phase at the time of 
feeding are induced to differentiate as nerve cells with­
in 18 hours 2 0 
Although these experiments clearly defined the cell 
cycle position of the immediate precursor, they did not 
indicate whether the precursor arose directly from a 
multipotent stem cell or from an intermediate cell type 
capable of limited proliferation and poised to respond 
to signals inducing nerve cell differentiation. This un­
certainty is indicated in Figure 1 by the dotted line. 
NERVE CELL PRECURSORS ARE MIGRATORY 
A number of experiments have documented extensive 
migration of interstitial cells along the body column 
(see Bode and colleagues10*11*21 and references there­
in). These experiments, however, did not reveal the 
function of the migrating cells. Thus, it has been uncer­
tain whether cell migration played a role in the pattern 
of nerve cell differentiation. 
The two experiments shown schematically in Figure 
2 demonstrate that migrating cells play a central role in 
the pattern of nerve cell differentiation. Both experi­
ments used axial grafting between labeled and unla­
beled tissue and assayed quantitatively the formation 
of labeled nerve cells in the unlabeled tissue. In the 
case of head regeneration,7*8 roughly half of the newly 
differentiated nerve cells in the head were labeled and 
hence derived from proximal tissue. Since the labeled 
tissue constituted half the interstitial cell population, 
the results indicated that essentially all newly differen-
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FIGURE 2 Nerve cell formation from migrating precursor cells. The figure shows schematically the results of axial grafting experiments on regenerat-
ing7*8 and intact Hydra,12 indicating that precursor cells from the labeled tissue (shaded) contribute to nerve cell formation in the unlabeled head. Label-
ing was done with [3H]thymidine. The number of labeled cells is indicated qualitatively, since the results are derived from experiments done in different 
laboratories under somewhat different conditions. 
tiated nerve cells arose from precursors that migrated 
from the body column to the site of head regeneration. 
In a similar experiment carried out on intact animals, 
the appearance of labeled nerve cells in the head was 
assayed in axial grafts containing different proportions 
of labeled tissue.12 The results showed that, beginning 
1 day after grafting, newly differentiated labeled nerve 
cells began to appear in the head. As in the regenera-
tion experiment, the rate of labeled nerve cell differ-
entiation was proportional to the fraction of the body 
column that was labeled. Thus, the precursors for 
nerve cell differentiation in the heads of intact animals 
were derived from the entire body column. 
More detailed information about the properties of 
migrating cells has recently been obtained by labeling 
cells with the fluorescent vital dye Dil . Teragawa and 
Bode10 showed that injection of Dil into the ectoderm 
of hydra caused vital staining of a discrete small patch 
of cells. Over the course of several days, a few labeled 
cells migrated out of such patches. Based on their be-
havior and morphology, they could be identified either 
as single nematocytes migrating to the tentacles or as 
single interstitial cells. 
The results of a similar Dil labeling experiment done 
in our laboratory are shown schematically in Figure 3. 
We have succeeded in following individual migrating 
cells over the course of several days and determining 
their fate. In addition to large numbers of migrating ne-
matocytes, only single interstitial cells were observed 
to migrate. Pairs of interstitial cells and nests of nema-
toblasts did not migrate. Migrating interstitial cells di-
vided once at their final destination, usually 1 day after 
ceasing to migrate, and gave rise to two nerve cells in 
close proximity to each other (Fig. 4). Thus, migrating 
cells are NVP. We have also occasionally observed 
cells that divided a second time, giving rise to a group 
of four nerve cells. 
Almost all migrating interstitial cells gave rise to 
nerve cells. Although our data are still not extensive, 
we have not yet observed migrating cells that gave rise 
to nests of nematoblasts or to groups of interstitial cells 
that could be considered stem cell clones. Thus, we 
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FIGURE 3 Schematic representation of nerve cell precursor migration as seen in a dil labeling experiment. Dil was injected into the ectoderm where it 
labeled a small patch of cells. All cell types are labeled but only nematocytes (not shown) and a dew single interstitial cells migrate away from the site of 
injection. Single migrated interstitial cells divide and give rise to two nerve cells as shown. Migration occurs toward both the head and the foot. 
tentatively conclude that nematocyte precursors and 
stem cells are not migratory. The latter conclusion is 
also supported by earlier observations that showed that 
interstitial cell clones grow as contiguous patches of 
cells; growing clones did not generate satellite clones 
due to migration of stem cells. 2 2" 2 4 Thus, there is pres­
ently no evidence for stem cell migration in normal 
animals. In grafts between normal and interstitial cell-
depleted tissue, however, extensive stem cell migra­
tion does occur and leads to rapid repopulation of the 
depleted tissue.9*21 > 2 4 ~ 2 7 
NERVE CELL PRECURSOR MIGRATION OCCURS 
INS PHASE 
FIGURE 4 Micrograph of two Dil labeled nerve cells similar to those 
shown schematically in Figure 3. The cell bodies are roughly 10 μιη in di­
ameter. 
Although the cell cycle position of the migrating NVP 
has not been directly determined, several lines of evi­
dence suggest that migration takes place at the begin­
ning of the final cell cycle (see Figures 1 and 3). 
Observations of Dil-labeled NVP indicate that they 
usually migrate away from the injection site, stop, and 
then remain in this condition for up to a day before di­
viding and differentiating as nerve cells. Since the cell 
cycle of interstitial cells is about 1 day,28 and the NVP 
spends up to 1 day at the final site before division, the 
migratory phase appears to be early in the cycle. This 
would place it in S phase, since hydra cells do not have 
a G j 2 8 (see Figure 1). This conclusion is also supported 
by earlier observations that showed that nerve cell pre­
cursors do not change their position between the end of 
S phase and final differentiation.29 
Summarizing the results presented, we can now de­
fine the NVP as a cell that arises in the body column 
and migrates to a final destination usually near the 
head or foot but also sometimes to sites within the body 
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column. Birth of the migrating cell occurs at ornear the 
start of a final cell cycle. Such cells are in S phase and 
thus migration appears to occur in the S phase. Since 
commitment of NVP also occurs in the S phase, both 
commitment and migration appear to be closely 
linked, if not identical events. Completion of the cell 
cycle occurs at the final destination, followed by divi-
sion and differentiation of both daughter cells as nerve 
cells. NVPs with these properties appear to be direct 
products of multipotent stem cells. 
INDUCTION OF NERVE CELL PRECURSORS BY 
TREATMENT WITH HEAD ACTIVATOR 
Little is known about the signals regulating the forma-
tion of NVP in vivo. It has, however, been possible to 
generate large numbers of NVP by treating hydra with 
pM concentrations of a neuropeptide, the head activa-
tor. 3 0" 3 4 Head activator treatment of whole animals in-
duces formation of NVP throughout the body column. 
These NVP do not differentiate in intact hydra but do 
rapidly differentiate to nerve cells following explana-
tion of tissue fragments or wounding of treated ani-
mals. 3 4 ' 3 5 Untreated tissue has a background level of 
about 0.10 nerve cells per epithelial cell; head activator 
treatment for 12 to 18 hours followed by explantation 
of tissue fragments almost doubles this number.3 0 , 3 4 
The ability to generate large numbers of NVP by 
head activator treatment has permitted investigation of 
their properties.33 They are small interstitial cells with 
characteristic nuclear morphology and postmitotic Gi 
nuclear DNA content; indeed, they frequently appear 
in pairs. Following explantation or wounding of 
treated tissue, nerve cell differentiation occurs within 5 
hours. If the explantation or wounding signal does not 
occur within 24 hours after the head activator treat-
ment, the NVP are no longer detectable when tissue 
fragments are explanted. Thus, NVP appear to be un-
stable. 
There is still only limited information on the signals 
that control the differentiation of NVP in intact ani-
mals. One such signal is associated with bud forma-
tion. Berking 3 6 demonstrated that NVP migrate to the 
site of a prospective bud and accumulate there; initia-
tion of bud evagination was followed by a synchronous 
wave of nerve cell differentiation within about 5 hours. 
The biochemical nature of the signal is presently un-
known, but it appears to be short-range, since only 
NVP at the site of bud formation are induced to com-
plete nerve cell differentiation. A functionally equiva-
lent signal must also be present near the head and foot 
since NVP differentiate in these regions as well. 
SUMMARY 
Nerve cell differentiation in hydra is strikingly pat-
terned. Recent work summarized here has now made it 
clear that this pattern of differentiation is due to migra-
tion of nerve cell precursors from the body column to 
sites of terminal differentiation in head and foot. This 
behavior is strikingly reminiscent of neural crest dif-
ferentiation in vertebrate embryos.37*38 Indeed, the 
similarity includes not only migration, but may also 
extend to the basic mechanism by which neurotrophic 
factors regulate the survival and differentiation of 
NVP. 3 9 Although there is no evidence for such neuro-
trophic factors in hydra at present, it is at least conceiv-
able that the differentiation signals released by 
budding, explantation, or wounding include such fac-
tors. 
Acknowledgments 
The authors thank Thomas Bosch and Ulrich Technau for helpful com-
ments on the manuscript. Research from the authors' laboratory was sup-
ported by the Deutsche Forschungsgemeinschaft. 
References 
1. Hadzi, H. (1909). Über das Nervensystem von Hydra. Arb. Zool. 
Inst. Univ. Wien 17, 225-268. 
2. Bode, H. R., Heimfeld, S., Koizumi, 0., Littlefield, L. C , and Yaross, 
Μ S. (1988). Maintenance and regeneration of the nerve net in Hy­
dra. Am. Zool 28, 1053-1063. 
3. Campbell, R. D. (1979). Development of Hydra lacking interstitial 
and nerve cells ("epithelial Hydra"). In: Determinants of Spatial Or­
ganisation. Academic Press, New York, pp. 267-293. 
4. Bode, H. (1992). Continuous conversion of neuron phenotype in Hy­
dra. Trends Genet. 8,279-284. 
5. Bode, H. R M and David, C. N. (1978). Regulation of a multipotent 
stem cell, the interstitial cell of Hydra. Prog. Biophys. Mol Biol 33, 
189-206. 
6. Venugopal, G., and David, C. N. (1981). Nerve commitment in Hy­
dra. I. Role of morphogenetic signals. Dev. Biol 83, 353-360. 
7. Yaross, M. S., and Bode, H. R. (1978). Regulation of interstitial cell 
differentiation in Hydra attenuate. IV. Nerve cell commitment in 
head regeneration is position-dependent. J. Cell Sei 34, 27-38, 
8. Fujisawa, T. (1989). Role of interstitial cell migration in generating 
position-dependent patterns of nerve cell differentiation in Hydra. 
Dev. Biol 133,77-82. 
9. Heimfeld, S., and Bode, H. R. (1984). Interstitial cell migration in 
Hydra attenuata. I. Quantitative description of cell movements. Dev. 
Biol 105,1-9. 
10. Teragawa, C. K., and Bode, H. R. (1990). Spatial and temporal pat­
terns of interstitial cell migration in Hydra vulgaris. Dev. Biol 138, 
63-81. 
11. Teragawa, C. K., and Bode, H. R. (1991). A head signal influences 
apical migration of interstitial cells in Hydra vulgaris. Dev. Biol. 147, 
293-302. 
12. David, C. N., Bosch, T. C. G., Hobmayer, B., Holstein, Τ., and 
Schmidt, T. (1987). Interstitial stem cells in Hydra. In: Genetic Regu-
140 C. Ν. DAVID and G. HAGER 
lation of Development (Loomis, W. F., ed.). Alan Liss, New York, pp. 
389-408. 
13. David, C. N., and Gierer, A. (1974). Cell cycle kinetics and develop­
ment of Hydra attenuate. III. Nerve and nematocyte differentiation. 
J. Cell Sei. 16,359-375. 
14. Bode, H. R., Gee, L. W., and Chow, M. A. (1990). Neuron differenti­
ation in Hydra involves dividing intermediates. Dev. Biol. 139, 
231-243. 
15. Holstein, Τ. W., and David, C. N. (1990). Putative intermediates in 
the nerve cell differentiation pathway in Hydra have properties of 
multipotent stem cells. Dev. Biol. 142,401-405. 
16. David, C. N., and Murphy, S. (1977). Characterization of interstitial 
stem cells in Hydra by cloning. Dev. Biol. 58, 372-383. 
17. Bosch, T. C. G., and David, C. N. (1987). Stem cells of Hydra magni-
papillata can differentiate into somatic cells and germ line cells. Dev. 
Biol. 121,182-191. 
18. Venugopal, G., and David, C. N. (1981). Nerve commitment in Hy­
dra. II. Localization of commitment in S. phase. Dev. Biol. 83, 
361-365. 
19. Yaross, M. S., Baca, C. Α., Chow, M. H. f and Bode, H. R. (1982). 
Commitment of Hydra interstitial cells to nerve cell differentiation 
occurs by late S-phase, Dev. Biol. 89,425-436. 
20. Berking, S. (1979). Control of nerve cell formation from multipotent 
stem cells in Hydra. / Cell Sei. 40, 193-205. 
21. Heimfeld, S., and Bode, H. R. (1984). Interstitial cell migration in 
Hydra attenuate. I. Selective migration of nerve cell precursors as the 
basis for position-dependent nerve cell differentiation. Dev. Biol. 
105,10-17. 
22. Bosch, T. C. G., and David, C. N. (1990). Cloned interstitial stem 
cells grow as contiguous patches in Hydra. Dev. Biol. 138,513-515. 
23. Bosch, T. C. G., and David, C. N. (1991). Decision making in intersti­
tial cells of Hydra. In Vivo 5,515-520. 
24. Fujisawa, T. (1992). Homeostatic recovery of interstitial cell popula­
tions in Hydra. Dev. Biol. 150,185-192. 
25. Bosch, T. C. G., Rollbühler, R„ Scheider, B., and David, C. N. (1991). 
Role of cellular environment in interstitial stem cell proliferation in 
Hydra. Rota's Arch. Dev. Biol. 200, 269-276. 
26. Diehl, F. Α., and Burnett, A. L. (1966). The role of interstitial cells in 
the maintenance of Hydra. II. Migration of interstitial cells in homo-
grafts and heterografts. / . Exp. Zool. 163,125-139. 
27. Marcum, Β. Α., and Campbell, R. D. (1978). Development of Hydra 
lacking nerve and interstitial cells. J. Cell. Sei. 29,17-33. 
28. Campbell, R. D., and David, C. N. (1974). Cell cycle kinetics and de­
velopment of Hydra attenuate. II. Interstitial cells. / Cell. Sei. 16, 
349-358. 
29. Venugopal, G., and David, C. N. (1981). Spatial pattern of nerve dif­
ferentiation in Hydra is due to a pattern of nerve commitment. Dev. 
Biol 83,366-369. 
30. Hobmayer, E., Holstein, Τ. W., and David, C. N. (1990). Tentacle 
morphogenesis in Hydra. I. The role of head activator. Development 
109, 887-895. 
31. Schaller, Η. C. (1976). Action of head activator on the determination 
of interstitial cells in Hydra. Cell Differ. 5,13-20. 
32. Hobmayer, B., Holstein, Τ. W., and David, C. N. (1990). Tentacle 
morphogenesis in Hydra. II. Formation of a complex between a sen­
sory nerve cell and a battery cell. Development 109, 897-904. 
33. Holstein, Τ. W., and David, C. N. (1986). The properties of nerve cell 
precursors in Hydra. Dev. Biol. 115, 18-26. 
34. Holstein, Τ. W., Schaller, C. Η., and David, C N. (1986). Nerve cell 
differentiation in Hydra requires two signals. Dev. Biol. 115, 9-17. 
35. Hoffmeister, S. A. H., and Schaller, Η. C. (1987). Head activator and 
head inhibitor are signals for nerve cell differentiation in Hydra. Dev. 
Biol 122,72-77. 
36. Berking, S. (1980). Commitment of stem cells to nerve cells and 
migration of nerve cell precursors in preparatory bud development in 
Hydra. J. Embryol. Exp. Morphol 60, 373-387. 
37. Le Douarin, N., Ziller, C , and Couly, G. F. (1993). Patterning of neu­
ral crest derivatives in the avian embryo: in vivo and in vitro studies. 
Dev. Biol. 159,24-^9. 
38. Selleck, Μ. Α., Scherson, Τ. Y , and Bronner-Fraser, M. (1993). Ori­
gins of neural crest cell diversity. Dev. Biol 159,1-11. 
39. Barde, Y.-A. (1989). Trophic factors and neuronal survival. Neuron 
2,1525-1534. 
